Both an eCry3.1Ab-selected and paired control western corn rootworm, Diabrotica virgifera virgifera LeConte, colony were tested for adult longevity, egg oviposition, egg viability, and larval development in order to evaluate the potential fitness costs associated with eCry3.1Ab resistance. Adult longevity experiments were conducted by pairing virgin males and females together in plastic boxes supplied with food, water, and ovipositional medium and observed for survival time. Eggs were also collected from the ovipositional medium once a week to determine average egg oviposition and egg viability. Larval development time experiments were conducted by infesting seedling assays with 25 neonate larvae and recording larval recovery after several days. Adult longevity, average egg oviposition, and larval development time results indicated a lack of fitness costs associated with eCry3.1Ab resistance in the western corn rootworm. Results of egg viability indicated a fitness advantage for the eCry3.1Ab-selected colony with a significantly higher egg hatch than the control.
The western corn rootworm, Diabrotica virgifera virgifera LeConte, is one of the most economically important insect pests in the world. This is due to the damage caused by larval western corn rootworms as they feed on the root systems of corn (Zea mays L.) plants. The costs of pest control and crop yield losses due to these pests is estimated to be in the billions of dollars for the United States alone (Metcalf 1986 , Sappington et al. 2006 , Gray et al. 2009 ). In response to these severe losses, several different methods for managing western corn rootworm have been utilized in the field including crop rotation with nonhost crops, chemical insecticides, and most recently transgenic crops utilizing the bacterium Bacillus thuringiensis Berliner (Bt) (Hill et al. 1948; Chaing 1973; Moellenbeck et al. 2001; Ellis et al. 2002; Vaughn et al. 2005; Walters et al 2008 Walters et al , 2010 . Over time, the western corn rootworm has proven quite adept at forming resistance to management options. Resistance to some chemical insecticides such as aldrin, methyl parathion, and carbaryl has been recorded for western corn rootworm in the field (Ball and Weekman 1962; Meinke et al. 1998 Meinke et al. , 2009 ). In addition to this, crop rotation was found to be less effective in the eastern Corn Belt due to the increased selection of western corn rootworm with a lower ovipositional fidelity to corn (Levine et al. 2002) .
In the case of transgenic plants, precautions were taken against resistance development in the form of a susceptible refuge strategy (Glaser and Matten 2003) . This strategy involves the planting of corn susceptible to insect attack in either a block or strip along with Bt-expressing corn in the field. More recently, the use of refuge in bag treatments have also been utilized where the susceptible seed is mixed with the Bt-expressing seed and planted randomly throughout the field. This is done in order to promote the production of susceptible western corn rootworm populations near Bt corn, and with the assumption that resistant beetles emerging off of Bt plants would then mate with susceptible beetles emerging from the refuge to create heterozygote susceptible offspring. This strategy is most effective at reducing resistance formation when coupled along with a highdose strategy involving plants that contain a toxin dose 25 to 50 times higher than the LD 99 of the toxin (Caprio et al. 2000) for target insects in the field. Other preferred conditions for an optimal refuge strategy include: initial frequency of alleles bestowing resistance is low, fitness costs of resistance are present, target insects mate randomly in the field, and resistance to the Bt toxin is recessive (Gould 1998, Tabashnik and Gould 2012) .
Despite the use of mandated refuges, the western corn rootworm developed resistance to Bt toxins in the field. In 2011, it was determined that high root damage in select Iowa cornfields planted with transgenic corn expressing the Cry3Bb1 toxin was the result of western corn rootworm resistance to the toxin (Gassmann et al. 2011 , Gassmann 2012 . Field resistance to the Bt toxin mCry3A was also discovered in Iowa in 2011 with an apparent cross resistance to
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Cry3Bb1 (Gassmann et al. 2014) . These findings have shown that susceptible refuge strategies are not as effective at reducing Bt resistance development in the western corn rootworm as previously hoped.
Currently, none of the Bt products developed for rootworm control meet the high-dose level of toxicity (Storer et al. 2006; Hibbard et al. 2010 Hibbard et al. , 2011 Clark et al. 2012) . Research has also shown that the initial frequency of alleles bestowing resistance are not low Meinke 2010, Thompson 2014) , resistance traits for the Cry3Bb1 toxin are not inherited in a completely recessive manner (Meihls et al. 2008 , Ingber and Gassmann 2015 , Geisert et al. 2016 , fitness costs associated with Cry3Bb1and Cry34/35Ab1 resistance are minor (Meihls et al. 2012 , Oswald et al. 2012 , Petzold-Maxwell et al. 2012 , Thompson 2014 , Ingber and Gassmann 2015 , and mating in the field was found to not be random (Kang and Krupke 2009) .
The most recent Bt protein to go on market, eCry3.1Ab, was deregulated in 2013 and is currently only available as a pyramid along with the mCry3A toxin under the trade name Agrisure Duracade (Syngenta 2013) . While not available as a single trait, it is still important to determine the potential implications of western corn rootworm resistance to the toxin. For this experiment, we focused on determining the potential fitness costs associated with eCry3.1Ab resistance formation in the western corn rootworm. Specifically, we conducted experiments to determine the effects of eCry3.1Ab resistance on adult longevity, egg viability, and larval development time.
Materials and Methods

Insects
Western corn rootworm colonies used in this experiment were from the same line as those used in Frank et al. (2013) and Geisert et al. (2016) . Adult western corn rootworm used in longevity experiments were collected from the 19th generation of selection on eCry3.1Ab and the 30th generation control colony. The development time experiment utilized the 20th-23rd generations of the eCry3.1Ab-selected and the 31st-34th generations of the control colony.
Development Time Experiment
All seed used in this experiment consisted of near-isoline corn with a similar genetic background to eCry3.1Ab-expressing corn (event 5307) utilized for other experiments but with no toxin present. The development time experiment was conducted using several plastic 15-by 10-cm oval containers (708 ml, The Glad Products Company, Oakland, CA). Containers were filled with $150 ml of growth medium consisting of 2:1 soil:Promix (Premier Horticulture Inc., Quakertown, PA), planted with $50 near-isoline corn seeds, covered by an additional $300 ml of growth medium and then moistened with 100 ml of water. The containers were then covered with plastic lids and placed in a growth chamber kept at 25 C. The experimental design was conducted as a randomized complete block with nine replications.
After 4 d, the lids were removed to allow the corn seedlings to grow. After $1 wk, the containers were infested with 25 neonate (hatched within 24 h) larvae from either the eCry3.1Ab-selected or its susceptible control colony. The surviving larvae were removed after 4, 8, 12, 16, or 20 d postinfestation via modified Tullgren funnels. The plants were first cut off near the base, and the remaining soil and root systems were removed from the pot and placed into the funnel. Funnels were equipped with a 60-W light bulb and were fitted with 237-ml jars filled with $150 ml of water at the bottom of the funnel in order to collect escaping larvae. Jars were removed after 2 d and replaced with fresh jars which remained on for an additional 2 d. Larvae recovered in jars were counted under a microscope and transferred to vials containing 95% ethanol. Larval head capsule measurements were averaged from a random subset of 10 larvae (if available) for each sample under a microscope. Finally, the larvae were dried in an oven (Thelco model 16, GCA/Precision Scientific Co., Chicago, IL), and weighed (scale model AB135-S FACT, Mettler Toledo Inc., Columbus, OH). Samples for the 16and 20-d treatments were sifted through by hand in order to recover potential pupae in the samples. Any pupae or larvae recovered were placed in vials containing 95% ethanol, after which the remaining soil was placed into a Tullgren funnel in order to collect any remaining larvae.
Adult Longevity and Egg Production
For adult studies, newly emerged, virgin western corn rootworm adults were collected from both the eCry3.1Ab-selected colony and its control and confined in male and female pairs (40 pairs per colony, 80 total) in transparent cages (5.7 by 5.7 by 7.6 cm 3 ; Gary Plastic Packing Company, Bronx, NY). Collection dates were recorded for each beetle to serve as the starting date for measuring their longevity. Boxes were checked daily for adult mortality. Deceased beetles were removed from the boxes, sexed, and their death date recorded. The experimental design consisted of a randomized complete block with 40 replications. Adults were fed artificial diet (Jackson 1985) applied on rectangular plastic food clips (3.81 cm long, 2.5 cm wide, 2.5 cm high) attached to the lid of the cages with Velcro strips (Oyediran et al. 2005) ; water was provided via water crystals (Agrosoke International, Arlington, TX). Diet and water crystals were checked every other day and replaced or moistened as needed. An oviposition medium consisting of 1 cm of 2:1 soil:Promix (Premier Horticulture Inc.) sifted through a 60 mesh sieve (U.S.A. Standard Sieve Series Sieve, 250 mm) was placed in the bottom of the cages. The soil was mixed with water and stirred into loose clumps to promote oviposition (Geisert and Meinke 2013) . The oviposition medium was kept moist and checked every other day along with the food and water. Beetles were moved weekly to clean cages with new oviposition medium, food, and water. Eggs from each female were collected weekly from the soil by rinsing with gently running water through a 60 mesh (250 mm) sieve; the eggs were then rinsed onto filter paper (9.0 cm diameter, Fisherbrand, Pittsburgh, PA) using a Buchner funnel. Egg production per female was recorded weekly. All eggs from a colony and treatment combination were then pooled, and a subset of $300 eggs was removed for viability testing. The 300 eggs for viability testing were placed ($100 per dish) on moistened filter paper (9.0 cm diameter, Fisherbrand, Pittsburgh, PA) in a Petri dish (100 by 15 mm, Fisherbrand, Pittsburg, PA) and sealed with Parafilm M (5 cm width, Pechiney Plastic Packaging, Menasha, WI). Eggs were inspected daily for hatch.
Data Analysis
Development Time
All data in figures and tables are represented as raw data, while all statistical analysis were done with data that were square root (x þ 0.5) transformed in order to meet all assumptions of normality. The larval development time experiment was analyzed as a randomized complete block in a 2 Â 5 factorial arrangement (two colonies Â five collection times). Data from the larval development time assays were analyzed using PROC GLIMMIX of the SAS statistical package (SAS ver. 9.2, SAS Institute, 2009). The model contained main effects of colony (eCry3.1Ab-selected and control), days to recovery (4, 8, 12, 16, or 20) , and colony Â recovery day interactions. All fixed effects for the analysis were calculated using a least squares means (LSMEANS) analysis, and all significant comparisons were made using the LS means output. In situations where no larvae or beetles were collected, the data points for head capsules and dry weights were treated as missing values.
Adult Longevity
The adult longevity experiment was analyzed as a randomized complete block two-way factorial design (two colony types Â two sexes). Data were analyzed using PROC GLIMMIX of the SAS statistical package (SAS ver. 9.2, SAS Institute, 2009). The model contained main effects of colony (eCry3.1Ab-selected and control), beetle sex (male or female), and colony Â sex interactions. All analyses fixed effects were calculated using a least squares means (LSMEANS) analysis, and comparisons were made using the t-test output.
Egg Viability
Egg viability results were calculated by using the formula (egg viability ¼ eggs hatched/total eggs) for each weekly subsample of eggs. The egg viability experiment was analyzed as a randomized block two-way factorial design (two colony types Â twelve different collection dates). Egg viability data were analyzed using PROC GLIMMIX of the SAS statistical package (SAS ver. 9.2, SAS Institute, 2009), The model contained main effects of colony (eCry3.1Ab-selected and control). All analyses fixed effects were calculated using a least squares means (LSMEANS) analysis, and comparisons were made using the t-test output.
Comparisons were also made between the two colonies for average eggs laid per female using a PROC GLIMMIX of the SAS statistical package (SAS ver. 9.2, SAS Institute, 2009). The model contained main effects of colony (eCry3.1Ab-selected and control). All analyses fixed effects were calculated using a least squares means (LSMEANS) analysis, and comparisons were made using the t-test output.
Results
Development Time
Analysis of larval development time showed no indication of a fitness cost associated with eCry3.1Ab resistance with regard to larval recovery, head capsule widths, or dry weights (Table 1, Fig. 1) . Results of the analysis for each data set showed only a significant effect for recovery day, which in the context of this experiment does not provide evidence of fitness costs (Table 1) .
Adult Longevity, Fecundity, and Egg Viability
No fitness cost associated with eCry3.1Ab resistance was found on the average life span of both male and female western corn rootworm ( Table 2) . The life span of male and female western corn rootworm beetles from the eCry3.1Ab-selected colony was averaged 37 and 38 d, respectively, while male and female beetles from the control colony averaged 41 to 43 d, respectively (Fig. 2) . In addition to this, there was no significant difference in the average number of eggs laid per female (df ¼ 1, 9; F ¼ 2.21; P > F ¼ 0.1714). Females from the eCry3.1Ab-selected colony laid on average 507 eggs per female, while females of the control colony laid on average 496 eggs per female (Fig. 3) . However, egg viability results showed a significant difference between the two colonies, with the eCry3.1Ab-selected colony having a significantly higher egg hatch than the control (df ¼ 1, 9; F ¼ 5.88; P > F ¼ 0.0383). Eggs collected from the eCry3.1Ab-selected colony had an average hatch of 55.62%, while eggs from the control colony had an average hatch of 42.55% (Fig. 4) . These results indicate no significant fitness cost associated with eCry3.1Ab resistance in terms of egg production or viability. 
Discussion
Results across all experiments showed a consistent lack of fitness costs associated with resistance to the eCry3.1Ab toxin in the western corn rootworm. Data analysis of larval development, adult longevity, and eggs per female all showed no significant differences between the eCry3.1Ab-selected and control colonies. This lack of significant differences indicates that the selection for eCry3.1Ab resistance does not reduce the ability of western corn rootworms to develop on near-isoline corn. In addition, egg viability results showed a significant fitness advantage for the eCry3.1Ab-resistant colony, which had significantly greater egg viability than the control. The eCry3.1Ab toxin is not the first Bt toxin to show a lack of fitness costs in the western corn rootworm. Several experiments have looked at the potential fitness costs of Cry3Bb1 resistance in the western corn rootworm, with results showing little to no fitness costs (Meihls et al 2012 , Oswald et al. 2012 , Petzold-Maxwell et al. 2012 , Ingber and Gassmann 2015 . Results published by Oswald et al. (2012) showed an advantage of higher egg viability in the Cry3Bb1-selected colonies similar to that seen in our data for the eCry3.1Ab-selected colony. As discussed by Oswald et al. (2012) , the occurrence of this fitness advantage to Bt resistance could have major impacts on the effectiveness of current IRM strategies in the field. Experiments have also indicated a lack of fitness costs associated with resistance formation to the Cry34/35Ab1 hybrid (Thompson 2014) . The presence of fitness costs associated with Bt survival is helpful in delaying resistance (Gould 1998, Tabashnik and Gould 2012) . While the formation of resistance serves to increase western corn rootworm fitness when emerging off of Bt corn, it is assumed that resistant beetles will have lower fitness when emerging from non-Bt corn located in refuges (Gassmann et al. 2009 ). This lowered fitness in resistant western corn rootworm helps non-Bt exposed western corn rootworm emerging from the refuge to outcompete resistant western corn rootworm, thus producing either homozygote susceptible or heterozygote offspring (Gassmann et al. 2009 ). If the Bt toxin was being produced at a high dose (potent enough to kill 99% of heterozygotes) better resistance management would be expected. Unfortunately, there are currently no rootworm-targeting Bt products that meet the high-dose requirement (Clark et al. 2012 ; Environmental Protection Agency [EPA] 2001 [EPA] , 2002 Hibbard et al. 2010 Hibbard et al. , 2011 Storer et al. 2006) . This fact along with the lack of fitness costs and the potential for eCry3.1Ab-resistant beetles to outcompete susceptible beetles based on the observed increase in egg viability associated with resistance greatly lowers the effectiveness of a susceptible refuge.
Currently, the eCry3.1Ab toxin is only available as a pyramid product along with the mCry3A toxin (Syngenta 2013) . The two toxins were pyramided together based on their separate modes of action in the insect gut (Walters et al. 2010) . This serves to increase the range of toxicity of the product as well as reduce the overall resistance formation to both toxins (Roush 1998 , Onstad and Meinke 2010 , Keweshan et al. 2015 . This potential increase in rootworm protection prompted the EPA to reduce the susceptible refuge requirement for several pyramided products targeting rootworms from 20 to 5% (EPA 2011) .
A potential concern for pyramided products involves their effectiveness in the presence of resistance to one or more of the toxins present in the plant. It is assumed that if resistance is present for one product in the pyramid, then the overall ability of the product to delay resistance would be diminished (Porter et al. 2012 , Gassmann et al. 2014 . Hypothetically, if the one of the toxins were to fail in a pyramid then the other could be working alone. If working as a single toxin eCry3.1Ab resistance could occur after as little as four generations of continuous planting without refuges, as indicated by laboratory selection experiments conducted by Frank et al. (2013) . Currently, field resistance has been detected for both the Cry3Bb1 toxin in 2009 and the mCry3A toxin in 2011 (Gassmann et al. 2011 (Gassmann et al. , 2014 Gassmann 2012) . It was determined that the resistance to the mCry3A toxin was due to cross resistance with the Cry3Bb1 toxin (Gassmann et al. 2014 ). More recent laboratory experiments have indicated the presence of incomplete cross resistance between the Cry3Bb1and eCry3.1Ab single toxins as well (Zukoff et al. 2016 ).
In the case of a pyramid product containing eCry3.1Ab and mCry3A for rootworm control, the presence of either mCry3A or Cry3Bb1 resistance would place greater pressure on one or both toxins due to the presence of cross resistance with Cry3Bb1. This cross resistance coupled with the lack of fitness costs for eCry3.1Ab resistance could make the mCry3A and eCry3.1Ab pyramided product a less viable candidate for trait rotation in fields experiencing Cry3Bb1 resistance. However, it is still unknown how these toxins would react to Cry3Bb1 resistance while in pyramid.
